Methods and analysis:
This study is a prospective, single-centre, physiological study in patients with severe brain injury. Patients with acute respiratory distress syndrome with ventricular drainage will be enrolled. An oesophageal balloon catheter will be inserted to measure oesophageal pressure. Patients will be sedated and paralysed; airway pressure and oesophageal pressure will be measured during endinspiratory occlusion and end-expiratory occlusion. Elastance of the chest wall, the lungs and the respiratory system will be calculated at PEEP levels of 5, 10 and 15 cm H 2 O. We will classify each patient based on the maximal ΔICP/ΔPEEP being above or below the median for the study population. 2 groups will thus be compared.
Ethics and dissemination:
The study protocol and consent forms were approved by the Institutional Review Board of Fujian Provincial Hospital. Study findings will be disseminated through peer-reviewed publications and conference presentations.
INTRODUCTION
Acute respiratory distress syndrome (ARDS), which is characterised by severe hypoxaemia and alterations in lung function, is common in critically ill patients. Numerous authors have reported that a significant portion of patients with brain injury can develop pulmonary complications, including ARDS and neurogenic pulmonary oedema. [1] [2] [3] [4] [5] [6] Ventilation strategies to protect the lungs should be applied in patients with ARDS. 7 The mainstays of lungprotective ventilation strategies are to (1) limit tidal volume and driving pressure; (2) limit end-inspiratory plateau pressure (P plat ); and (3) provide adequate positive end-expiratory pressure (PEEP) to keep the lungs open and prevent alveolar collapse.
There are concerns that the use of PEEP for the treatment of pulmonary complications in patients with brain injury could elevate intracranial pressure (ICP) and deteriorate neurological status. Both respiratory system elastance and ventricular compliance are thought to contribute to the elevation of ICP when PEEP increases. [8] [9] [10] [11] In theory, PEEP may increase ICP by increasing pleural pressure and diminishing venous return. However, the transmission of PEEP into the thoracic cavity depends on the properties of the lungs and chest wall. An experimental study conducted by Chapin et al 12 showed that when chest wall elastance is high,
Strengths and limitations of this study
▪ Oesophageal pressure will be measured in this study and thereby we will be able to differentiate the possible contributions of the lungs and the chest wall to the influence of positive end-expiratory pressure (PEEP) on intracranial pressure (ICP). ▪ Change of lung volume will be measured to clarify its contribution to ICP response. ▪ The main limitation of this study is the absence of widely accepted thresholds to identify the responsiveness of ICP to increased PEEP, and we therefore arbitrarily divided patients into two groups using the median of the study population.
PEEP can significantly increase pleural pressure, whereas high lung elastance can minimise airway pressure transmission. Lung elastance is generally recognised to increase in patients with ARDS due to extensive alveolar collapse. However, it has been reported that the chest wall elastance ratio (the ratio between the elastance of the chest wall and the respiratory system) may vary from 0.2 to 0.8.
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Therefore, it is important to distinguish between the elastance of the chest wall and the lungs when investigating the effects of PEEP on ICP. We hypothesise that PEEP has greater influence on ICP in patients with higher chest wall elastance ratio (eg, the lung elastance is low and/or the chest wall elastance is high). To test the hypothesis, we need to measure the airway pressure and pleural pressure to calculate the elastance of the lung and the chest wall. However, pleural pressure is difficult to measure in clinical situations, and oesophageal pressure (P es ) is considered a surrogate of pleural pressure. 14 15 In the present study, we will investigate the effects of PEEP on pleural pressure and ICP by measuring P es .
METHODS

Study design overview
The present study is a prospective, single-centre, physiological study in patients with severe brain injury.
Study setting and population
The study setting is the surgical intensive care unit (SICU; 22 beds), at Fujian Provincial Hospital (2500 beds), Fujian Provincial Clinical College of Fujian Medical University, Fuzhou, China.
All patients admitted to the SICU will be consecutively screened for study eligibility. Inclusion criteria are as follows: 1. Aged 18 years or above; 2. Glasgow Coma Score ≤8; 3. Ventricular ICP monitor placement for ICP monitoring and cerebrospinal fluid (CSF) drainage; 4. Need for mechanical ventilation with PEEP; 5. ARDS diagnosis according to the Berlin definition. 7 Exclusion criteria are as follows: 1. Haemodynamic instability requiring more than 10 μg/kg/min dopamine or more than 0.5 μg/kg/ min norepinephrine; 10 2. ICP >25 mm Hg; 3. Decompressive craniectomy was performed; 4. Oesophageal varices; 5. History of oesophageal or gastric surgery; 6. Evidence of active air leak from the lung, including bronchopleural fistula, pneumothorax, pneumomediastinum or existing chest tube; 7. History of chronic obstructive pulmonary disease.
Baseline data collection
After enrolment, the following baseline data will be collected:
Demographic data: age, gender, height and predicted body weight, which is calculated as 50+0.91×(centimetres of height−152.4) for men and 45.5+0.91×(centimetres of height−152.4) for women. 16 Clinical data: primary diagnosis, type of brain injury (traumatic brain injury, stroke or postoperation for brain tumour), type of brain lesion (bilateral or unilateral), Acute Physiology and Chronic Health Evaluation II (APACHE II) score at the time of intensive care unit (ICU) admission, Simplified Acute Physiology Score II (SAPS II) on the day of enrolment, and duration of mechanical ventilation prior to enrolment.
Mechanical ventilation and blood gas at baseline: PEEP, fraction of inspired oxygen concentration (FiO 2 ), partial pressure of oxygen in arterial blood (PaO 2 ), PaO 2 /FiO 2 (P/F ratio), partial pressure of carbon dioxide (PaCO 2 ) and pH.
Baseline ICP and haemodynamic parameters: heart rate (HR), blood pressure (BP), central venous pressure (CVP) and CVP change during the passive leg raising test.
Ventricular compliance measurement ICP will be measured with a ventricular ICP monitor (Codman, Johnson & Johnson, Raynham, Massachusetts, USA). To measure ventricular compliance, 2 mL of CSF will be drained, and the ICP value before and after CSF drainage will be recorded. Ventricular compliance will be calculated as follows:
Placement of oesophageal balloon catheter We will use the SmartCath-G adult nasogastric tube with an oesophageal balloon (7003300, CareFusion Co, Yorba Linda, California, USA) in this study. Patients will remain in a supine position with the head of the bed elevated to 30°during the study period. After anaesthetising the nose and oropharynx with 10% lidocaine spray, the oesophageal balloon catheter will be inserted through the nostril to a depth of 60 cm. The intragastric position of the distal part of the catheter will be confirmed by aspiration of gastric juice and auscultation of air insufflations into the stomach. After confirmation of the catheter position, the balloon will be inflated with 1.5 mL of air, 17 18 and the proximal part of the catheter will be connected to the pressure transducer. Subsequently, the catheter will be slowly withdrawn, and the dynamic occlusion test will be performed. 19 An end-expiratory occlusion will be performed until three to five spontaneous inspiratory efforts are made against the end-expiratory occlusion. The ratio of the change in P es to the change in airway pressure (ΔP es /ΔP aw ) will be calculated. The catheter will be considered correctly positioned when the ΔP es /ΔP aw ratio during the occlusion test is in the range of 0.8-1.2. [20] [21] [22] In paralysed patients, the occlusion test will be performed by applying manual compression on the rib cage during the end-expiratory occlusion. 
Pressure measurements
Respiratory mechanics measurements
After placement of the oesophageal balloon catheter, patients will be sedated and paralysed via intravenous infusion of 5 mg of midazolam, 0.1 mg of fentanyl and 50 mg of rocuronium. Mechanical ventilation will be set at a volume control ventilation, constant flow, an inspiratory-expiratory ratio of 1:2 and a tidal volume of 6-8 mL/kg of predicted body weight. The initial respiratory rate will be set at 20/min and will be adjusted to maintain the PaCO 2 value at ∼35-40 mm Hg. PEEP will be adjusted to 5 cm H 2 O. The oxygenation goal will be maintained constant at a pulse oxygen saturation above 90% by adjusting the FiO 2 . After a 30 min stabilisation period, blood gas analysis will be performed. Mean P aw and P es will also be recorded. An end-inspiratory occlusion and an end-expiratory occlusion will be performed, and plateau pressure (P plat ) and total PEEP (PEEP tot ) will be recorded. P es during end-inspiratory occlusion (P es-ei ) and end-expiratory occlusion (P es-ee ) will also be recorded. Expiratory tidal volume (V te ) will also be recorded, and the elastance of the lungs (E l ), the chest wall (E cw ) and the respiratory system (E rs ) will be calculated as follows:
Thereafter, PEEP will be stepwise increased to 10 and 15 cm H 2 O. The measurements of ICP, ventricular compliance, haemodynamic status (HR, BP and CVP), blood gas analysis and respiratory mechanics will be repeated at these two PEEP levels. Changes in end-expiratory lung volume (ΔEELV) will also be measured, which is determined as the cumulative difference between inspiratory and expiratory tidal volumes, during the first 30 breaths following a change in PEEP level, with a systematic difference (namely V T offset) corrected. [23] [24] [25] A flow chart of the study procedure is shown in figure 1 .
Adverse event management and emergency termination of the study Patients will be closely monitored during the study period. Taking into account the potential adverse effects of PEEP, emergency interventions will be provided when the following occur: Figure 1 Flow chart of the study procedure. ICP, intracranial pressure; PEEP, positive end-expiratory pressure.
1. Abrupt increase of ICP >25 mm Hg and/or decrease of cerebral perfusion pressure <50 mm Hg that persists for >2 min. A bolus of 125 mL mannitol infusion will be administered. 2. BP decrease to below 90/60 mm Hg or a systolic BP decrease of >40 mm Hg; 100 mL of crystalloid fluid infusion will be administered. The study will be continued if the patient is responsive to the interventions (BP increases); otherwise, the study will be terminated and further interventions for decreased BP will be provided. 3. The procedure will be stopped if ICP is too high or BP is too low when 15 cm H 2 O PEEP is applied. The data obtained at 5 and 10 cm H 2 O PEEP will be collected.
Study end points
The primary end point is the influence of PEEP on ICP. There are two PEEP increases during the study procedure as follows: from 5 to 10 cm H 2 O and from 10 to 15 cm H 2 O. We will calculate ΔICP/ΔPEEP to standardise the influence of PEEP on ICP during the increase of PEEP for each step. Secondary end points include the identification of possible contributors (see Statistical analysis section for detail) to the effects of PEEP on ICP and the investigation of the influence of PEEP on haemodynamic parameters, including CVP, mean arterial pressure (MAP) and cerebral perfusion pressure.
Statistical analysis
We will classify each patient into one of two groups according to the median value of ΔICP/ΔPEEP in the overall study population. The two groups will consist of patients with ICP responsiveness below the median value and ICP responsiveness above the median value. Since there will be two ΔICP/ΔPEEP values in one patient (except those who are intolerant to 15 cm H 2 O PEEP), the higher one will be used to determine the grouping.
Categorical variables will be presented as numbers and percentages and analysed by the χ 2 test. Continuous variables will be tested for normal distribution and presented as the mean and SD or median and IQR as appropriate. Comparisons of continuous variables will be performed using Student's t-test for normally distributed variables and the Mann-Whitney U test for nonnormally distributed variables. Wilcoxon signed-rank test will be performed to compare the difference of ΔICP/ ΔPEEP between the two PEEP increases. Possible confounders of ICP responsiveness to PEEP including demographic data, type of brain injury (traumatic brain injury, stroke, postoperation for brain tumour), type of brain lesion (bilateral or unilateral), change in mean arterial pressure, ventricular compliance, respiratory mechanics (elastance of the lung, the chest wall and the respiratory system, ΔEELV, chest wall elastance ratio and change of elastance) and changes of PaO 2 and PaCO 2 will be collected in this study. First, univariate analysis will be performed. Thereafter, a multivariate logistic regression analysis will be performed using forward procedures with factors demonstrating p<0.20 in univariate analysis. All tests of significance will be at the 5% significance level and will be two-sided. Analyses will be performed with SPSS V.19.0 (IBM Corporation).
Sample size calculation
Prospective sample size calculations are performed using G*Power Software (sample size calculating software package provided by the G*Power Team, Germany, downloaded from http://www.gpower.hhu.de/en.html). We will need to study 30 participants to be able to reject the null hypothesis so that the means of chest wall elastance ratio of the two groups are equal with a probability ( power) of 0.8. The type I error probability with testing this null hypothesis is 0.05.
Trial registration, ethical aspects and informed consent
The study was registered on 26 January 2016, at ClinicalTrials.org (ClinicalTrials.gov Identifier: NCT02670733).
After patients' eligibility for the study is confirmed, the study coordinator will be introduced to the patients' families. The ICU physician will emphasise the credentials of the study coordinator and communicate that this person will discuss a research programme for which the patient is qualified to participate. Every relevant aspect of the project will be described. The study coordinator will stop by frequently, ask if there are any questions, and request that the family repeat in their own words what is being discussed to ensure that the family understands the study. The study coordinator will be especially careful to assure the family that they are free to decline consent without consequences and that they can withdraw consent at any time without any impact on treatment. Family members will be provided with contact information of the study coordinator, the local co-investigator and the local Ethical Committee. Written consent will be obtained in the presence of a witness.
Dissemination plan
Results of the trial will be submitted to an international peer-reviewed journal. The results will also be presented at national and international conferences relevant to the subject fields.
DISCUSSION
Previous studies have demonstrated that PEEP exerts no significant effects on cerebral haemodynamics in patients with high respiratory system elastance. 10 However, elastance of the chest wall and the lungs were not distinguished in that previous study. In another study that examined chest wall and lung compliance, the authors did not investigate the effects of increased PEEP on ICP. 12 In the present study, we aim to investigate the effects of PEEP on pleural pressure and ICP by measuring P es . Respiratory mechanics may change when PEEP is adjusted to a higher level. EELV can also increase with an increase of PEEP, as a result of recruitment of non-aerated lung units and distension of already aerated alveoli. Moreover, PaO 2 and PaCO 2 can also change with PEEP adjustments. All these may contribute to the influence of PEEP on ICP. Therefore, we will measure the respiratory mechanics, ΔEELV and blood gas to determine the possible contributors.
We will classify each patient with a high or low responsiveness of ICP to increased PEEP based on whether the ΔICP/ΔPEEP is above or below the median for the study population. Since there is no widely accepted threshold to identify the responsiveness of ICP to increased PEEP, the division of patients into two groups is reasonable and enables us to compare differences between the two groups of patients.
